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Abstract 

Background: Dyslipidemia and lipotoxicity-induced insulin resistance, inflammation and oxidative stress are the key 
pathogeneses of renal damage in type 2 diabetes. Increasing evidence shows that whole-body low dose radiation (LDR) 
plays a critical role in attenuating insulin resistance, inflammation and oxidative stress. 

Objective: The aims of the present study were to investigate whether LDR can prevent type 2 diabetes-induced renal 
damage and the underlying mechanisms. 

Methods: Mice were fed with a high-fat diet (HFD, 40% of calories from fat) for 12 weeks to induce obesity followed by a 
single intraperitoneal injection of streptozotocin (STZ, 50 mg/kg) to develop a type 2 diabetic mouse model. The mice were 
exposed to LDR at different doses (25, 50 and 75 mGy) for 4 or 8 weeks along with HFD treatment. At each time-point, the 
kidney weight, renal function, blood glucose level and insulin resistance were examined. The pathological changes, renal 
lipid profiles, inflammation, oxidative stress and fibrosis were also measured. 

Results: HFD/STZ-induced type 2 diabetic mice exhibited severe pathological changes in the kidney and renal dysfunction. 
Exposure of the mice to LDR for 4 weeks, especially at 50 and 75 mGy, significantly improved lipid profiles, insulin sensitivity 
and protein kinase B activation, meanwhile, attenuated inflammation and oxidative stress in the diabetic kidney. The LDR- 
induced anti-oxidative effect was associated with up-regulation of renal nuclear factor E2-related factor-2 (Nrf-2) expression 
and function. However, the above beneficial effects were weakened once LDR treatment was extended to 8 weeks. 

Conclusion: These results suggest that LDR exposure significantly prevented type 2 diabetes-induced kidney injury 
characterized by renal dysfunction and pathological changes. The protective mechanisms of LDR are complicated but may 
be mainly attributed to the attenuation of dyslipidemia and the subsequent lipotoxicity-induced insulin resistance, 
inflammation and oxidative stress. 
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Introduction 

Diabetic nephropathy (DN) is one of the most severe 
complications of type 2 diabetes, which accounts for approxi- 
mately 40% of all new cases who require renal replacement 
therapy [1,2]. DN initiates with early-stage diabetic kidney disease 



(DKD) characterized by renal dysfunction, and finally leading to 
fibrosis and glomerulosclerosis [3-6]. 

Although the pathogeneses of kidney disease in type 2 diabetes 
are complicated, dyslipidemia and the subsequent lipotoxicity are 
regarded as critical inducers of renal damage under diabetic 
conditions [7-9]. Dyslipidemia is characterized by abnormal lipid 
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profiles [10,11], which contribute to progression of DKD [12]. 
Furthermore, dyslipidemia always leads to an imbalance between 
circulating and cytosolic fatty acid (FA) levels, which induce 
lipotoxicity [13]. 

Lipotoxicity underlies the insulin-deficient state, especially 
insulin resistance. Strong evidence showed that excessive FAs 
and their derivatives serve as signaling molecules that activate 
protein kinases [13]. These kinases can then impair insulin 
signaling, finally lead to insulin resistance [14,15]. It has been 
reported that lipotoxicity-induced insulin resistance plays a critical 
role in type 2 diabetes induced renal damage [16]. Moreover, 
insulin resistance directly induces relaxation of the afferent 
arteriole, resulting in glomerular hyperfiltration, angiogenesis 
and mesangial cell proliferation, then contributing to the 
development of DN [17,18]. Lipotoxicity also induces oxidative 
stress by production of reactive oxygen species (ROS) which causes 
damage to the glomeruli and glomerular glycocalyx and increases 
the permeability of the glomerular filtration barrier, which may 
contribute to the progression of DKD [19,20]. 

Inflammation is another key consequence of lipotoxicity in type 
2 diabetes, which also strongly exacerbates kidney injury in type 2 
diabetes characterized by increasing the release of multiple 
inflammatory factors [21,22]. Therefore, attenuation of dyslipide- 
mia and the subsequent lipotoxicity might be a novel therapeutic 
strategy for DKD in type 2 diabetes. 

Various therapeutic approaches have been investigated, but 
most if not all drugs need to be excreted via the kidney, which will 
further increase the renal working load in diabetic patients [23]. 
Based on this concern, low-dose ionizing radiation (LDR) as a 
non-invasive approach has been investigated to prevent chronic 
renal diseases [24,25]. Our previous study also determined that 
LDR significantly prevented renal damage in type 1 diabetic mice 
[23]. We also found that LDR prevented type 1 diabetes-induced 
renal oxidative stress via up-regulation of multiple anti-oxidants 
levels [26] . However, whether LDR can induce similarly beneficial 
effects on renal damage in type 2 diabetes is still unknown. To this 
end, we used the strategy of high-fat diet (HFD) feeding plus 
streptozotocin (STZ) injection to develop the type 2 diabetic mice 
models [27,28]. Then we investigated whether exposure to LDR 
could attenuate dyslipidemia, inflammation and oxidative stress 
and enhanced insulin sensitivity in type 2 diabetes. 

Materials and Methods 

Ethics Statement 

The protocol was approved by the Committee on the Ethics of 
Animal Experiments of Tilin University, Jilin, China (Permit 
Number: 2007-0011). All surgery was performed under sodium 
pentobarbital anesthesia and all efforts were made to minimize 
suffering. 

Animals and Induction of Type 2 Diabetes 

Male C57BL/6J mice, 8 weeks old (18-22 g of body weight), 
were purchased from the experimental Animal Center of Beijing 
University of Medical Science (Beijing, China) and allowed to 
acclimate for 2 weeks. All mice were housed in the animal facility 
of the Jilin University Animal Center at 22°C with a 12:12-h light- 
dark cycle and free access to rodent chow and tap water. 

In order to establish type 2 diabetic model, the combined 
strategy of a HFD (Shanghai SLAC laboratory Animal Co., Ltd., 
40% of calories from fat) and STZ (Sigma Chemical, St. Louis, 
MO) treatment was applied in our study. The mice were fed with 
HFD for 12 weeks to induce obesity, characterized by abnormal 
glucose tolerance and insulin resistance. The age-matched 



nondiabetic mice were fed with a standard diet (SD, Shanghai 
SLAC laboratory Animal Co., Ltd., 10% of calories from fat). 
Then, the mice fed with HFD were intraperitoneally given a single 
injection of STZ at 50 mg/kg body weight. In addition, the mice 
fed with SD were given an injection of equivalent volume of citrate 
buffer. Blood glucose level was examined using a FreeStyle glucose 
meter (Abbott Diabetes Care, Alameda, CA) 3 days after the 
injection of STZ. Mice were considered diabetic when blood 
glucose exceeded 1 2 mmol/L. Next, mice were continued to feed 
with the corresponding diet for another 4 or 8 weeks. 

Whole-body Low dose Rate X-ray Radiation 

A 180-kVp X-ray generator (Model XSZ-Z20/20, China) was 
utilized to deliver radiation at dose rate of 12.5 mGy/min (120 kv, 
13 mA). LDR was given to mice over whole body every other day 
at a dose of 25, 50 or 75 mGy for 4 or 8 weeks, respectively. Mice 
from both the diabetic and age-matched nondiabetic groups were 
randomly divided into the following groups: control group (Con), 
control plus 50 mGy group (Con/50 mGy), diabetes mellitus 
group (DM) and DM plus LDR at 25, 50 or 75 mGy (DM/ 
25 mGy, DM/50 mGy, DM/75 mGy). The body weight, kidney 
weight and tibia length of the mice in all groups were examined at 
each time point. 

Glucose Tolerance Test and Insulin Tolerance Test 

To assess glucose tolerance, mice were intraperitoneally injected 
with D-glucose (1.5 g/kg) after an overnight fasting (12 h) with free 
access to water, and venous blood was collected 30 min before 
(time 0) and after injection at 0, 15, 30, 60 and 120 min from the 
tail of each mouse, and glucose was measured using a FreeStyle 
glucose meter. To assess insulin tolerance, a single dose of Novolin 
R regular insulin (Novo Nordisk A/S, Denmark) (0.5 units/kg or 1 
unit/kg) was intraperitoneally administered to the mice after 
fasting for 4 h with free access to water, and the blood glucose level 
was measured as described above. 

Measurements of Urine and Blood Metabolites 

Twenty-four-hour urine collections were obtained by placing 
the mice in metabolic cages during the final 3 days before the mice 
were sacrificed. Urinary protein, urinary albumin and urinary 
creatinine were measured using enzyme-linked immunosorbent 
assay (ELISA) kits purchased from R&D (Itasea, MN) according to 
the manufacturer's instructions. Briefly, the kits assayed mouse 
urine protein or albumin and creatinine level in the sample, using 
purified mouse urinary protein, urinary albumin and urinary 
creatinine antibody to coat a 96-well plate. Different concentra- 
tions of standards, matrix blank and testing samples were added to 
wells after adding the specified volume of diluents. Followed by 30 
min incubation at 37°C and washing, a horseradish peroxidase 
(HRP) conjugate reagent was added to the wells, except blank 
wells. After incubation and then washing, a peroxidase substrate- 
tetramethylbenzidine (TMB) was added to the wells and incubated 
for 10 min. Then stop solution was added and absorbance was 
measured at 450 nm within 10 min with a reference wavelength of 
650 nm by an ELISA Reader (Molecular Devices MAX 190, 
USA). The concentration of target factors in the sample was 
calculated using a corresponding standard plot of the optical 
density vs. the concentration of the standards. 

Blood samples were taken from the retro-orbital venous plexus 
and allowed to clot (kept still) at room temperature for 30 min. 
Serums were collected by centrifugation at 2,000 xg for 20 min at 
4°C. Serum triglycerides (TG), total cholesterol (CHO), high- 
density lipoprotein (HDL)-cholesterol and low-density lipoprotein 
(LDL)-cholesterol levels were determined using an Olympus 
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Au800 automatic biochemical analyzer (Olympus, Japan) at the 
Maternal and Child Health Hospital in Changchun, China. 

Quantification of Renal Lipid and Lipid Peroxidation 

For the measurement of TG and free fatty acid (FFA) content, 
50-80 mg of renal tissue from each mouse was homogenized in 
250 mX of buffer containing 150 mil NaCl and 10 mM Tris (pH 
7.5), and extracted with 200 |xL of methanol and 400 uL of 
chloroform. The chloroform layer containing TG was evaporated 
overnight and resuspended in 70% ethanol; TG and FFA content 
was measured using a commercial ELISA kit (R&D) at 450 nm 
and expressed relative to the protein content. To determine 
malondialdehyde (MDA) content, kidney tissues were homoge- 
nized in ice-cold 0.05 mM phosphate-buffered saline (PBS; pH 
7.4, 1: 10 wt/vol) and centrifuged at 15,000 xg for 15 min before 
the supernatants were collected. All these steps were performed at 
4°C. The supernatants were then used for measurement of MDA 
according to the manufacturer's instructions (R&D). The protein 
levels of the samples were measured using the Coomassie Brilliant 
Blue G-250 method, with bovine serum albumin as the standard. 
The data were expressed as milligrams per gram of tissue or 
nanomoles per milligram of protein. 

Total Protein Extraction and Western Blotting 

Western blotting assays were performed as described previously 
[29]. Briefly, renal tissues were homogenized in lysis buffer. 
Proteins were collected by centrifugation at 1 2,000 xg and 4°C. 
The total protein sample was run on 10.6% SDS-polyacrylamide 
gel electrophoresis, transferred onto nitrocellulose membranes and 
incubated in blocking buffer (5% milk and 0.5% bovine serum 
albumin) for 1 h at room temperature and then incubated 
overnight at 4°C with following primary antibodies: nuclear factor 
E2-related factor-2 (Nrf-2, 1: 1000), superoxide dismutase-1 
(SOD-1, 1: 2000), NAD(P)H:quinone oxidoreductase-1 (NQO-1, 
1: 1000), heme oxygenase- 1 (HO-1, 1: 2000), 3-nitrotyrosine (3- 
NT, 1: 1000), intercellular adhesion molecule- 1 (ICAM-1, 1: 
2000), plasminogen activator inhibitor- 1 (PAI-1, 1: 2000), tumor 
necrosis factor a (TNF-a, 1: 1000), which were purchased from 
Abeam (Cambridge, MA); total protein kinase B (t-Akt, 1: 2000), 
phosphorylated-Akt (/>-Akt, 1: 1000) and P-actin (1: 2000), which 
were purchased from CST (Danvers, MA). After three washes 
with tris-buffered saline containing 0.05% Tween 20 (TBST), 
membranes were incubated with secondary horseradish peroxi- 
dase-conjugated antibody for 1 h at room temperature. Antigen- 
antibody complexes were then developed with an ECL kit 
(Amersham, Piscataway, NJ). The intensity of protein bands on 
blots were quantified by using Quantity one (Version 4.6.2, Bio- 
Rad, USA). 

RNA Isolation and Real-time Quantitative Polymerase 
Chain Reaction (RT-PCR) 

Total RNA was isolated from kidney tissues using TRIzol 
reagent according to the manufacturer's protocol (Invitrogen, 
Carlsbad, CA) and was quantified with a photometer Nanodrop 
2000 (Thermo Scientific, San Jose, CA). The RNA samples were 
reverse transcribed into cDNA using a High-Capacity cDNA 
Reverse Transcription Kit (PE Applied Biosystems, Foster City, 
CA). The following primers were used for RT-PCR. ICAM-1: 
forward, 5 '-GTGATGGC AGCCTCTTATGT-3 ' ; and reverse, 
5'-GGGCTTGTCCCTTGAGT TT-3'; PAI-1: forward, 5'-CT- 
CCACAGCCTTTGTC ATCT-3 ' ; and reverse, 5'-ATTGTCTC 
TGTCGGGTTGTG-3'; TNF-ot: forward, 5'-CTACCTTGT- 
TGCCTCCTCTTT-3'; and reverse, 5 ' -GAGC AGAGGTT- 



CAGTGATGTAG-3 ' ; Nrf-2: forward, 5 ' -CTC C GTGGAGTC- 
TTCCA TTTAC-3'; and reverse, 5'-GCACTATCTAGCTCC- 
TCCATTTC-3'; SOD-1: forward, 5 ' -GGC AAAGGTGGAAAT- 
GAAGAAA-3'; and reverse, 5'-CTCAGACCACACAGGGAA 
TG-3'; NQO-1: forward, 5'-GAGAAGAGCCCTGATTGTAC- 
TG-3'; and reverse, 5'-ACC TCCCATCCTCTCTTCTT-3'; 
HO-1: forward, 5'-CTCCCTGTGTTTCCTTTCTCTC-3'; and 
reverse, 5 '-CTGCTGGTTTC AAAGTTCAG-3 ' ; fJ-actin: for- 
ward, 5'-AGGTATCCTGA CCCTGAAGTA-3'; and reverse, 
5 ' -C AC AC GC AGCTC ATTGTAGA-3 ' . RT-PCR was carried 
out in triplicate using the SYBR GREEN PCR master mix 
(Invitrogen, Carlsbad, CA) on a Stratagene MX3000p fhermo- 
cycler (Agligent StrataGene, Santa Clara, CA). The amount of 
mRNA was calculated by the comparative CT method, which 
depends on the ratio of the amount of target genes to reference 
gene P-actin. 

Histological Examination and Immunohistochemical 
Staining 

The fixed kidney tissues were cut into 3-mm-fhick blocks and 
embedded in paraffin and cut into 4-urn slices. After de- 
paraffinization and rehydration, the sections were stained with 
hematoxylin and eosin (H&E) for general morphological exami- 
nation, periodic acid Schiff (PAS) for evaluation of glomeruloscle- 
rosis, and Masson's trichrome-staining for indication of interstitial 
expansion. Glomerulosclerosis examination was done by a 
pathologist in a blinded manner as described previous [30,31]. 
Briefly, each slice randomly was selected five different fields 
containing at least fifty glomeruli, and the degree of glomerulo- 
sclerosis was divided into 4 grades from 0 to 4 according to the 
ratio of sclerosis lesions to each glomerulus (Grade 0, no changes; 
Grade 1, sclerotic area < 1—25%; Grade 2, sclerotic area <26- 
50%; Grade 3, sclerotic area < 5 1 —7 5 % ; and Grade 4, sclerotic 
area <76— 100%). The glomerulosclerosis index (GSI) was 
calculated with following formula: GSI = [(Ni x l)+(N 2 x2)+ 
(N 3 x 3)+(N 4 x4)] /n tot , where n tot is the total number of glomeruli. 
Similarly, the extent of interstitial expansion was evaluated 
quantitatively by calculating tubular interstitial collagen-positive 
area (blue) for Masson's trichrome-staining using the Image-Pro 
plus 6.0 software (Media Cybernetics, Silver Spring, Maryland, 
USA). Twenty consecutive glomeruli were examined for each 
section, and the averaged percentages of the collagen-positive 
lesions were obtained for each mouse. 

For immunohistochemical staining, the sections were blocked 
with Superblock buffer (Pierce, Rockford, IL) for 30 min and 
incubated with the primary antibodies at a 1: 200 dilution 
overnight at 4°C. Followed by three washes with PBS, sections 
were incubated with biotin-labeled secondary antibody (Sigma) for 
1 h at room temperature. And signal was detected with 
diaminobenzidine (DAB) and developed according to manufac- 
turer's instructions. Sections incubated with PBS in place of 
primary and second antibodies were used as blank controls. 

Statistical Analysis 

Data were collected from eight or nine mice in each group, and 
the results are presented as means ± standard error of the mean 
(SEM). Statistical analyses were performed using one-way or two- 
way ANOVA: post-hoc multiple comparisons, followed by 
Bonferroni with the GraphPad Prism 5.0 (GraphPad Software, 
San Diego, CA). Statistical significance was detected at the 0.05 
level. 
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Results 

Diabetic Animal Model and LDR Effects on 
Hyperglycemia and Insulin Resistance in Type 2 Diabetic 
Mice 

Since clinical type 2 diabetes is always attributed to obesity in 
humans, in the present study the mice were fed with a HFD 
followed by a single injection of STZ to mimic human type 2 
diabetes. Compared with SD-fed mice, HFD-fed mice exhibited a 
significant increase in body weight after treatment for 4 weeks, and 
the difference gradually increased in a time-dependent manner 
(Fig. 1A). Meanwhile, the glucose tolerance test and insulin 
tolerance test revealed that mice fed with HFD for 12 weeks 
exhibited obvious abnormal glucose tolerance (Fig. 1 B) and insulin 
resistance (Fig. 1C). And hyperglycemia was subsequently induced 
by a single injection of STZ (Fig. ID). After successful induction of 
the type 2 diabetic model, the diabetic mice and age-matched 
nondiabetic mice were randomly divided into groups with or 
without LDR treatment. As shown in Fig. 1 E, F, exposure to LDR 
at any dose for 4 or 8 weeks had no impact on hyperglycemia in 
the type 2 diabetic mice, but 50 and 75 mGy treatment for 4 weeks 
significantly relieved insulin resistance (Fig. 1G). A similar 
beneficial effect was not observed at the 8-week time-point 
(Fig. 1H). This finding was also confirmed by calculating the area 
under the curve of the insulin tolerance test. 

Since Akt plays critical role in regulating insulin sensitivity by 
mediating insulin-stimulated glucose metabolic signaling, we also 
examined the expression and phosphorylation of renal Akt among 
groups to identify whether LDR-induced insulin sensitivity 
increase was related to Akt activation (Fig. II). Results showed 
that neither diabetes nor LDR affected the expression of renal Akt 
expression; however, diabetes significantly decreased the phos- 
phorylation of renal Akt, which was significantly reversed by LDR 
treatment for 4 weeks at 50 or 75 mGy, but not at 25 mGy. 
Exposure to LDR for 8 weeks also did not significantly affect the 
diabetic effect on Akt phosphorylation levels (Fig. II). This result is 
consistent with the patterns of IP ITT results (Fig. 1G, H). 

The Effects of LDR on Type 2 Diabetes-induced Renal 
Hypertrophy and Dysfunction 

As we know, the kidney is the target organ highly vulnerable to 
damage in type 2 diabetes. Therefore, we would investigate 
whether LDR can prevent diabetic-induced renal hypertrophy 
and dysfunction. We found diabetes significantly increased the 
kidney weight and decreased the body weight of the mice. 
However the tibia length of the mice in each group was unaffected. 
The ratio of kidney weight to tibia length strongly increased under 
diabetic condition. After exposure of the mice to LDR for 4 weeks, 
the magnitude of the ratio increase was slightly suppressed and the 
suppression became significantly once the LDR extended to 8 
weeks (Table 1). 

It is known that renal dysfunction manifests as an increase of the 
urinary volume, urinary protein and microalbumin (mAlb) and a 
decrease of urinary creatinine. We observed the above phenom- 
enon in type 2 diabetic mice at both the 4- and 8-week time-points. 
Exposure of the mice to LDR for 4 weeks significantly prevented 
an increase of urinary protein and mAlb excretion. In contrast, 
urinary creatinine excretion was significantly increased after LDR 
treatment. However, the urinary volume was unaffected. In 
addition, the beneficial effects of LDR on diabetes induced renal 
dysfunction was largely diminished (Table 1). 



LDR Prevented Type 2 Diabetes-induced Pathological 
Changes and Glomerulosclerosis in the Kidney 

Generally, renal dysfunction reflects pathological changes in the 
diabetic kidney. Compared with the control group, mice in the 
Con/50 mGy group displayed a normal structure of glomerulus 
and renal tubules by H&E examination (Fig. 2A). However, the 
diabetic kidneys showed obvious Bowman's capsule adhesion, 
mesangial cell proliferation, mesangial matrix expansion and 
capillary collapse at the 4-week time-point. Simultaneously, renal 
tubular dilation and epithelial cell degeneration were also observed 
in the diabetic kidneys. Furthermore, there were some bubbles in 
the renal tubules, which were attributed to excessive lipid 
accumulation in the diabetic kidneys (Fig. 2A). Treatment with 
50 mGy or 75 mGy for 4 weeks markedly attenuated the above 
pathological changes (Fig. 2A). 

Meanwhile, kidney tissues were stained with PAS to detect 
glomerulosclerosis. As shown in (Fig. 2B and 2D). The glomer- 
ulosclerosis index was significantly increased in diabetic mice with 
a time-dependent manner. Exposure to LDR treatment for 4 
weeks at 50 and 75 mGy, but not 25 mGy, greatly prevented 
glomerulosclerosis. However, the protective effect was attenuated 
once exposure of LDR extended to 8 weeks and only 25 mGy 
showed notable suppression on diabetes induced glomerulosclero- 
sis. 

Masson's trichrome staining showed significant accumulation of 
collagen in the kidneys of diabetic mice at the 4-week time-point, 
indicating the development of interstitial fibrosis (Fig. 2C, E). The 
collagen accumulation and fibrosis were more evident in the 
kidneys of diabetic mice at the 8-week time-point. Exposure to 
LDR at doses of 50 and 75 mGy significantly prevented the above 
phenomenon in type 2 diabetic mice at the 4-week time-point 
(Fig. 2C, E). The anti-fibrotic effect of LDR became weaker as 
time progressed to the 8-week time-point and only 25 mGy 
induced remarkably positive effects on the pathological changes 
under diabetic conditions (Fig. 2C, E). 

LDR Prevented Systemic and Renal Dyslipidemia in Type 
2 Diabetic Mice 

Dyslipidemia is regarded as a main generator of type 2 diabetes- 
induced renal damage. Thus, a mechanistic study was carried out 
to investigate whether LDR can induce beneficial effects on the 
abnormal lipid profiles in type 2 diabetic mice. We found that 
under physiological conditions, there was no change in the lipid 
profiles in Con/50 mGy group (Table 2). In contrast, type 2 
diabetes significantly increased plasma TG levels at the 4-week 
time-point, which was further enhanced at the 8-week time-point 
(Table 2). Although a dose of 25 mGy did not, LDR at 50 and 75 
mGy for 4 weeks remarkably prevented increased plasma TG 
levels in diabetic mice (Table 2). However, the attenuation effect of 
LDR at these two doses vanished at the 8-week time-point 
(Table 2). In contrast, 25 mGy significantly lowered plasma TG 
under diabetic conditions at the 8-week time-point (Table 2). In 
addition, we also found that type 2 diabetes strongly increased the 
total CHO and LDL levels in the plasma at both the 4- and 8- 
week time-points. Exposure to LDR at any dose remarkably 
induced a decrease in the plasma LDL levels at the 4-week time- 
point (Table 2). However, at the 8-week time-point, only LDR at 
25 mGy showed a preventive effect on plasma LDL levels in type 2 
diabetes. The similar lowering effect due to LDR was not found on 
total plasma CHO levels at either time-point (Table 2). Further- 
more, the results also showed that type 2 diabetes at the 4-week 
time-point did not, but at the 8-week time-point significantly 
decreased plasma HDL levels. In contrast, LDR at 50 and 75 mGy 
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Figure 1. Induction of the type 2 diabetic mouse model and the effect of LDR on diabetes-induced hyperglycemia, insulin 
resistance and inactivation of Akt. The type 2 diabetic mouse model was established by a combination of a HFD and STZ treatment. C57BL/6J 
mice were fed with a HFD (40% of calories from fat) for 12 weeks to induce obesity (A), which exhibited abnormal blood glucose tolerance (B) and 
insulin resistance (C). After intraperitoneal injection of STZ (50 mg/kg), the type 2 diabetic mouse model was successfully induced with the 
characteristic of hyperglycemia (>12 mmol/L, D). The diabetic or control mice were irradiated with LDR at 25, 50, or 75 mGy over whole-body once 
every other day for the indicated times. The blood glucose levels and insulin tolerance at the 4-week time-point (E, G) and 8-week time-point (F, H) 
were examined. The f-Akt and p-Akt in kidneys were detected by western blotting assay (I). Data are presented as means ± SEM. n = 9 in diabetic 
group and n = 8 in each other group. *p<0.05 vs. the corresponding control group; #p<0.05 vs. the corresponding DM group. Con, control mice; 
Con/50 mGy, control mice treated with 50 mGy; DM, diabetic mice without LDR treatment; DM/25 mGy, diabetic mice with LDR at 25 mGy; DM/ 
50 mGy, diabetic mice with LDR at 50 mGy; DM/75 mGy, diabetic mice with LDR at 75 mGy. 
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remarkably increased plasma HDL levels at both the 4- and 8- 
week time-point; while 25 mGy showed the similar increasing 
effect on plasma HDL levels only observed at the 8-week time- 
point (Table 2). 

Consistent with the plasma lipid profile examination in the 
kidney, increased renal TG and FFA levels were also observed in 
diabetic mice at both the 4- and 8-week time-points. LDR at 50 
and 75 mGy, but not at 25 mGy, remarkably inhibited renal TG 
and FFA level increases in type 2 diabetic mice at the 4-week time- 
point (Table 2). The attenuation effect of LDR at these two doses 
vanished and only 25 mGy slightly prevented but significantly 



diabetes-induced renal TG increase at the 8-week time-point 
(Table 2). 

LDR Attenuated Renal Inflammation in Type 2 Diabetic 
Mice 

Dyslipidemia in type 2 diabetes always leads to lipotoxicity in 
the kidney, which can induce renal damage associated with the 
severe inflammation characterized by the release of multiple 
inflammatory factors. To define the effects of LDR on diabetes- 
induced renal inflammation, renal expression of IC AM- 1 mRNA 
and protein was measured by RT-PCR (Fig. 3A) and western 
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Figure 2. Exposure to LDR attenuated diabetes-induced histopathological changes in the kidneys of mice. Representative images of 
hematoxylin and eosin (H&E; panel A) staining, periodic acid-Schiff (PAS; panel B) staining, and Masson's trichrome staining (Masson; panel C) for 
detection of renal pathological changes, glomerulosclerosis and collagen deposition, respectively. 400 x magnification. The glomerulosclerosis and 
collagen accumulation were examined in PAS or Masson stained slices respectively (D, E) and quantified using Image-Pro plus 6.0 software. Data are 
presented as means ± SEM. n = 9 in diabetic group and n = 8 in each other group. *p<0.05 vs. the corresponding control group; #p<0.05 vs. the 
corresponding DM group. 
doi:1 0.1 371 /journal.pone.0092574.g002 



blotting assays (Fig. 3B), respectively. Diabetes induced strong 
increases in renal IC AM- 1 at both the mRNA and protein levels at 
the 4-week time-point, which were further enhanced at the 8-week 
time-point. By immunohistochemical staining, diabetes-increased 
ICAM-1 was found to be expressed predominantly in the 
glomeruli (Fig. 3C), which was not observed in blank control 
group (no primary and secondary antibody, Fig. 3C). Multiple 
exposures of control mice to 50 mGy had no impact on renal 
ICAM-1 levels but significantly attenuated diabetes-induced 
ICAM-1 levels after treatment for 4 weeks (Fig. 3 A, B). 
Simultaneously, compared with 25 mGy, LDR at 50 and 75 
mGy further attenuated renal ICAM-1 levels in diabetic kidney 
(Fig. 3 A, B). The anti-inflammatory effect of LDR became weaker 



at the 8-week time-point, although the preventive effect still existed 
(Fig. 3A, B). 

Renal TNF-ot expression was also found to be significandy 
increased in diabetic groups at the mRNA (Fig. 4A) and protein 
(Fig. 4B) levels in a time-dependent manner. The localization of 
increased TNF-ot expression was found predominantly in tubules 
and less in the glomerulus (Fig. 4C). The positive staining of TNF- 
ot was increased in diabetic group, which was much less in control 
group and was unobservable in blank control group (Fig. 4C). 
Under physiological conditions, control mice exposure to 50 mGy 
did not change the renal TNF-ot level, which were significandy 
attenuated by LDR treatment at 50 and 75 mGy for 4 weeks in the 
diabetic kidneys (Fig. 4A, B). However, the anti-inflammatory 
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Figure 3. Effect of LDR on renal ICAM-1 levels in type 2 diabetic mice. Renal tissues from different groups were collected at the indicated 
times for measuring ICAM-1 expression at the mRNA (A) and protein (B) levels with RT-PCR and western blotting, respectively. (C) The location of 
ICAM-1 in the kidney was detected by immunohistochemical staining, at 400 x magnification. Data are presented as means ± SEM. n = 9 in diabetic 
group and n = 8 in each other group. *p<0.05 vs. the corresponding control group; #p<0.05 vs. the corresponding DM group; &, p<0.05 vs. the 
corresponding DM/25 mGy; $, p<0.05 vs. DM group at the 4-week time-point. 
doi:1 0.1 371 /journal.pone.0092574.g003 



effect of LDR at these two doses vanished at the 8-week time- 
point. Meanwhile, only 25 mGy induced an attenuation effect on 
renal TNF-ot expression at both the mRNA and protein levels 
(Fig. 4A, B). 

The proinflammatory cytokine PAI- 1 is also profibrotic given its 
inhibition of the conversion of plasminogen to plasmin [32,33]. 
Moreover, in the present study, we found that exposure to LDR 
significantly prevented type 2 diabetes-induced inflammation and 
fibrosis. Therefore, we next determined whether the beneficial 
effect of LDR was associated with attenuation of renal PAI-1 
expression at both the mRNA and protein levels. Real-time PCR 
and western blotting assays revealed that type 2 diabetes 
significantly up-regulated renal PAI-1 levels at the 4-week time- 
point, which were further strengthened at the 8-week time-point 
(Fig. 5A, B). Immunohistochemical staining confirmed our finding 
that diabetes-induced PAI-1 expression mainly located in the 
tubules which was less in the kidneys of nondiabetic mice and 
unobservable in blank control (Fig. 5C). Exposure to LDR at all 
doses remarkably attenuated renal PAI- 1 levels at the 4-week time- 
point in diabetic mice. Furthermore, LDR at 50 and 75 mGy 
showed a greater attenuation effect than at 25 mGy; although the 
difference did not reach a level of significance (Fig. 5 A, B). 
However, the beneficial effect of LDR at 50 and 75 mGy vanished 
at the 8-week time-point and only 25 mGy induced remarkable 
inhibition of the diabetes-caused renal PAI-1 expression increase 
(Fig. 5A, B). 



LDR Prevented Renal Oxidative Stress in Type 2 Diabetic 
Mice 

Oxidative stress is a common consequence of type 2 diabetes 
closely associated with lipotoxicity. It is also considered as the main 
pathogenesis of diabetic renal damage. Hence, we further 
identified the effect of LDR on lipotoxicity-induced oxidative 
damage measured by 3-NT as an index of nitrosative damage 
(Fig. 6A) and MDA as a classic oxidative damage marker (Fig. 6B). 
The results showed that both renal 3-NT and MDA had similar 
changing patterns among groups. Type 2 diabetes significantly 
increased their levels in the kidney at the 4-week time-point, and 
they were further enhanced at the 8-week time-point. LDR at 25 
mGy did not, but at 50 and 75 mGy significantly attenuated renal 
3-NT and MDA levels at the 4-week time-point under diabetic 
conditions (Fig. 6). A similar preventive effect of LDR was not 
found on the 3-NT level at the 8-week time-point; however, LDR 
at 25 mGy, rather than at 50 and 75, remarkably attenuated the 
renal MDA level at the same time-point (Fig. 6). 

LDR Prevented Diabetic Down regulation of Renal 
Nuclear Factor E2-related Factor-2 (Nrf-2) Expression and 
Function 

Nrf-2 is a key transcription factor that regulates intracellular 
redox balance and is a sensor of oxidative stress [34] . Next, we 
determined whether LDR-induced renal protection against 
oxidative damage was associated with up-regulation of renal 
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Figure 4. Effect of LDR on renal TNF-a levels in type 2 diabetic mice. Renal tissues from different groups were collected at the indicated 
times for measuring TNF-a expression at the mRNA (A) and protein (B) levels with RT-PCR and western blotting, respectively. (C) The location of TNF-a 
in the kidney was detected by immunohistochemical staining, at 400 x magnification. Data are presented as means ± SEM. n = 9 in diabetic group 
and n = 8 in each other group. *p<0.05 vs. the corresponding control group; #p<0.05 vs. the corresponding DM group; $, p<0.05 vs. DM group at 
the 4-week time-point. 
doi:1 0.1 371 /journal.pone.0092574.g004 



Nrf-2 levels. The results showed that the expression of Nrf-2 at 
both the mRNA and protein levels significantly decreased in the 
kidneys of diabetic mice at the 4-week time-point, and the 
expression levels were further decreased at the 8-week time-point 
(Fig. 7A, B). Multiple exposures of diabetic mice to LDR at 25 
mGy for 4 weeks did not, but 50 or 75 mGy almost completely 
prevented diabetic inhibition of renal Nrf-2 levels. Although 
exposure to LDR still up-regulated renal Nrf-2 levels after 
treatment for 8 weeks, the effect was weaker (Fig. 7A, B). 

Immunohistochemical staining revealed that Nrf-2 expression 
was predominantly localized in the tubules and less in the 
glomerulus (Fig. 7C). However, no positive staining was observed 
in blank control group. The intensity of Nrf-2 staining was 
significantly reduced in the kidneys of diabetic mice, which was 
greatly reversed after LDR treatment for 4 weeks (Fig. 7C). 

Since Nrf-2 is a transcription factor that positively regulates the 
expression of several downstream genes playing an important role 
in the prevention of oxidative stress and damage, we examined 
several of its downstream genes to functionally evaluate Nrf-2 in 
the diabetic kidneys with and without LDR treatment. Real-time 
PGR and western blotting assays disclosed that renal SOD-1 
expression was significantly decreased in the diabetic group 
compared with the control group at the 4-week time-point and 
further decreased at the 8-week time-point (Fig. 8A, B). However, 
the decrease was completely reversed by exposure to LDR at all 
doses at both 4 and 8 weeks (Fig. 8A, B). Immunohistochemical 



staining confirmed our finding that exposure to LDR at all doses 
significantly preserved renal SOD- 1 expression, located mainly in 
the tubules, in type 2 diabetic mice (Fig. 8C). And no positive 
staining was observed in blank control group. 

In addition, we also examined other downstream targets of Nrf- 
2, HO-1 and NQO-1, which showed similar changing patterns as 
SOD-1 among groups. Renal HO-1 and NQO-1 levels were 
significantly decreased under diabetic conditions at both the 4- 
and 8-week time-points (Fig. 9). Exposure to LDR for both 4 and 8 
weeks completely preserved the renal expression of both anti- 
oxidants. Although the beneficial effects were even among all 
doses of LDR at the 8-week time-point, 50 and 75 mGy further 
enhanced the protection compared with 25 mGy at the 4-week 
time-point. 

Discussion 

The study is the first one to demonstrate that multiple exposures 
to LDR, especially at 50 and 75 mGy for 4 weeks, significantly 
attenuated type 2 diabetes-induced DKD attributed to not only 
alleviation of systemic and renal dyslipidemia, but also suppression 
of the subsequent lipotoxicity via relieving insulin resistance, renal 
inflammation and oxidative damage. 

The kidney is the main target organ that is attacked under 
conditions of type 2 diabetes, which leads to severe renal damage 
characterized by induction of renal dysfunction, fibrosis and 
glomerulosclerosis, finally causing DN [3-5]. Although the 
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Figure 5. Effect of LDR on renal PAI-1 levels in type 2 diabetic mice. Renal tissues from different groups were collected at the indicated times 
for measuring PAI-1 expression at the mRNA (A) and protein (B) levels with RT-PCR and western blotting, respectively. (C) The location of PAI-1 in the 
kidney was detected by immunohistochemical staining, at 400 x magnification. Data are presented as means ± SEM. n = 9 in diabetic group and n = 8 
in each other group. *p<0.05 vs. the corresponding control group; #p<0.05 vs. the corresponding DM group; $, p<0.05 vs. DM group at the 4-week 
time-point. 
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pathogeneses of type 2 diabetes-induced renal damage are 
multiple and complicated, dyslipidemia and subsequent lipotoxi- 
city play important roles in this pathological process and accelerate 
kidney injury [20,35,36]. Dyslipidemia is defined as abnormal lipid 
profiles characterized by an increase of plasma and tissue TG, 
LDL and total CHO levels, but a decrease of HDL levels [10,1 1], 
Disturbances in lipoprotein metabolism contribute to atherogenic 
diathesis and possibly to progression of renal disease and impaired 
energy metabolism in DKD [12]. Diabetes-related dyslipidemia 
always leads to excessive lipid accumulation in the kidney, which 
causes severe renal damage through enhancement of insulin 
resistance, inflammation and oxidative stress [9,37,38]. In 
addition, insulin resistance induces the release of adipocytokines 
and relaxation of the afferent arteriole, resulting in glomerular 
hyperfiltration, angiogenesis, mesangial cell proliferation and renal 
damage [17,18]. The inflammatory response has been considered 
as one of the major mechanisms by which diabetic lipotoxicity 
causes renal oxidative injury, structural changes and dysfunction 
through the release of multiple inflammatory factors [39—41]. 
Moreover, lipotoxicity also induces excess lipid peroxidation 
products that stimulate transforming growth factor- fi, thereby 
inducing oxidative stress by production of ROS and then causing 
renal function damage, which may contribute to the progression of 
DKD [19,20]. Therefore, finding a proper way to simultaneously 
prevent dyslipidemia and the subsequent lipotoxicity-induced 
insulin resistance, inflammation and oxidative stress might be an 
efficient candidate for DKD therapy. 



Ionizing radiation is commonly considered to be harmful, which 
usually leads to DNA damage, cytotoxicity and tumorigenesis [42— 
45]. However, increasing evidence has demonstrated that expo- 
sure to radiation at a relatively low level resists radiation- or 
chemical-caused damage due to the protective mechanisms of 
stimulating cellular metabolic activities, enhancing immunity and 
increasing anti-oxidative action [46-49]. Additionally, it has been 
reported that LDR has the potential to modify the progression of 
chronic renal failure in rats [24,50]. Furthermore, our previous 
studies found that LDR significantly prevents type 1 diabetes- 
induced renal damage through attenuation of inflammation and 
oxidative stress [23,26]. Meanwhile, another advantage of LDR is 
its noninvasive characteristics, which cannot increase the working 
load of the kidney. Therefore, in the present study, we investigated 
whether LDR had the potential to prevent type 2 diabetes-induced 
renal damage and whether the protection was associated with 
attenuation of diabetes-induced dyslipidemia and lipotoxicity. 

In order to test our hypothesis, the first mission for us was to 
establish a human-like type 2 diabetic mouse model. Although 
several genetically modified animal models are available to study 
type 2 diabetes, the patterns of disease initiation and development 
do not appear to be closely analogous to the clinical situation in 
humans [28,51]. Moreover, the observations derived from these 
highly inbred genetic strains may not always be satisfactorily 
extended to the human population as a whole because of the large 
heterogeneity in the latter. In addition, these animals are 
expensive and are not easily available for investigative purposes 
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protein nitration (A, B) and MDA by ELISA (C). Data are presented as means ± SEM. n = 9 in diabetic group and n = 8 in each other group. *p<0.05 vs. 
the corresponding control group; #p<0.05 vs. the corresponding DM group; $, p<0.05 vs. DM group at the 4-week time-point. 
doi:1 0.1 371 /journal.pone.0092574.g006 



as well as regular screening experiments [28,52]. In humans, 
despite hereditary reasons, most type 2 diabetes cases are initiated 
by obesity. Therefore, we mimicked human-like type 2 diabetes by 
HFD/STZ strategy in C57BL/6J mice for which the type 2 
diabetic mouse model was induced via HFD treatment for 12 
weeks, followed by a single low-dose STZ injection of 50 mg/kg. 

Once the type 2 diabetic model was successfully established, the 
diabetic or nondiabetic mice were exposed to LDR at 25, 50 or 75 
mGy for 4 or 8 weeks. Then, the next question we have to answer 
is whether LDR can prevent type 2 diabetes-induced renal 
damage. Normally, the renal hypertrophy was determined by the 
ratio of kidney weight to body weight under the premise of 
constant body weight. But in our study the body weight varied 
among groups which will cause inaccurate conclusion. Therefore 
we used tibia length to replace the body weight, which was 
proximately even in each group. The results showed the ratio of 
kidney weight to tibia length was increased in diabetic group, 
which is a sign of renal hypertrophy. In addition, there was an 
increase of the urinary protein, mAlb excretion and a decrease of 
urinary creatinine excretion. Morphological studies also revealed 
that type 2 diabetes significandy induced renal pathological 
changes, including obvious Bowman's capsule adhesion, mesangial 
cell proliferation, mesangial matrix expansion, capillary wall 



thickness, capillary collapse, glomerulosclerosis and fibrosis. 
Meanwhile, abnormal lipid accumulation was also obvious in 
the kidney tissue of type 2 diabetic mice. However, most of the 
pathological changes induced by type 2 diabetes were prevented 
by exposure to LDR for 4 weeks. Although the beneficial effects of 
LDR were still observed at the 8-week time-point, the efficiency 
became weaker. Our findings implied that besides the single dose, 
the accumulated dose also plays a critical role in LDR-induced 
hormesis and beneficial effects on type 2 diabetes-induced renal 
damage. Despite the fact that each dose of radiation was equal in 
the groups treated for 4 or 8 weeks, the accumulated dose for 8 
weeks was too high to further enhance the beneficial effects on 
diabetic renal damage compared with the 4-week time-point. After 
comprehensive evaluation of the renal protection among the three 
doses of LDR, we found that 50 and 75 mGy were more efficient 
than 25 mGy at the 4-week time-point. However, the above 
beneficial phenomenon was attenuated at the 8-week time-point; 
only LDR at 25 mGy showed great renal protection against type 2 
diabetes at the 8-week time-point. The proper explanation might 
be that the accumulated dose of 50 mGy for 4 weeks and 25 mGy 
for 8 weeks were the same. Thus, both doses of LDR exhibited 
similar protection on diabetic renal damage. 
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Figure 8. Effect of LDR on renal SOD-1 levels in type 2 diabetic mice. Renal tissues from different groups were collected at the indicated 
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To date, we identified that LDR prevented type 2 diabetes- 
induced renal damage characterized by suppression of kidney 
hypertrophic response, attenuation of renal dysfunction and 
pathological changes; so, the protective mechanism of LDR 
remains to be elucidated. In our study, we found that LDR- 
induced renal protection against type 2 diabetes was independent 
of hypoglycemic effects but associated with improving insulin 
sensitivity, which might be attributed to activation of the Akt 
signaling pathway. Since insulin-induced glucose regulation was 
mainly mediated by the Akt signaling pathway, impairment of the 
Akt signaling pathway always leads to insulin resistance. In the 
literature, several studies have used in vitro models to show that 
LDR is able to stimulate cell survival signaling such as Akt 
phosphorylation [48,53]. Our previous study also determined that 
exposure to LDR significantly up-regulated the activation of the 
renal Akt signaling pathway in type 1 diabetic mice. Moreover, the 
Akt signaling pathway also plays an important role in preventing 
diabetes-induced renal cell death [54]. Similar anti-apoptotic 
effects of Akt in response to various pathogenic stimuli have also 
been extensively reported [55,56]. Therefore, we assumed that 
stimulation of the Akt signaling pathway by LDR in diabetic 
kidneys may be one of the possible mechanisms by which LDR 
prevents the development of DN. 

Furthermore, strong evidence has demonstrated that besides 
hyperglycemia, lipotoxicity is another main pathogenesis of type 2 
diabetes-induced insulin resistance by increasing the inhibition of 



serine phosphorylation of the key mediators of insulin receptor 
signaling [13-15]. Accordingly, we hypothesized that the renal 
protection of LDR might be related to the attenuation of 
lipotoxicity. Since lipotoxicity is the consequence of dyslipidemia, 
we next determined the systemic and renal lipid profiles. The 
results disclosed that type 2 diabetes-induced dyslipidemia in both 
the plasma and kidney was characterized by an increase of CHO, 
TG and LDL levels and a decrease of HDL levels. However, some 
of the abnormal lipid profiles were remarkably reversed by 
exposure to LDR, especially at 50 and 75 mGy. Although the lipid 
metabolic regulating effect was still observed at the 8-week time- 
point, the efficiency was getting weaker due to the high 
accumulated dose. 

Dyslipidemia-induced lipotoxicity always leads to severe 
inflammation and oxidative stress, which also accelerates renal 
damage under diabetic conditions. Real-time PCR and western 
blotting assays revealed that type 2 diabetes significantly up- 
regulated the expression levels of inflammatory factors (ICAM- 1 , 
TNF-ot and PAI-1) and nitrosative damage markers (3-NT and 
MDA) in the kidney. Exposure to LDR, especially at 50 and 75 
mGy, for 4 weeks greatly prevented diabetes-induced inflamma- 
tion and oxidative stress. Although LDR at 25 mGy induced less of 
an effect on anti-inflammatory and anti-oxidative stress at the 4- 
week time-point, the beneficial effect became significant at the 8- 
week time-point. This finding further confirmed that the 
accumulated dose is critical for LDR-induced renal protection 
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against inflammation and oxidative stress induced by type 2 
diabetes. In the present study, LDR prevented most of the renal 
pathological changes only with the total dose ranging from 700 
mGy (50 mGy for 4 weeks) to 1035 mGy (75 mGy for 4 weeks). A 
dose that is either too low or too high will reduce the protective 
effect of LDR. 

Finally, we explored the mechanism of LDR-induced anti- 
oxidative stress. Our previous study has indicated that LDR 
protection of rat testes from diabetes-induced oxidative damage 
occurred along with an up-regulation of testicular superoxide 
dismutase levels [57]. Recently, we also reported that LDR- 
induced up-regulation of multiple renal antioxidant levels was 
mediated by Nrf-2 expression in the kidney [26]. Nrf-2 is a key 
transcription factor that regulates the intracellular redox balance 
and is a sensor of oxidative stress. SOD-1, NQO-1 and HO-1 are 
all well-studied Nrf-2 target genes that are up-regulated through 
the antioxidant response regulatory element in response to 
oxidative stress [26,29,58]. In the present study, we found that 
type 2 diabetes significantly down-regulated the expression of renal 
Nrf-2 and the downstream targets SOD-1, HO-1 and NQO-1, 
which were remarkably reversed by exposure to LDR, especially at 
50 or 75 mGy for both 4 and 8 weeks. This study answered our 
question that LDR protects the kidney from type 2 diabetes- 
induced oxidative damage associated with up-regulation of Nrf-2 
and the downstream target oxidants. It is interesting that the 
antioxidant expression in each DM/LDR group was much higher 



than in Con, Con/50 mGy or DM group. Why does this 
phenomenon appear? We suspected that under normal condition, 
oxidative stress is just kept at low level and unharmful to the 
kidney. However, under diabetic condition, renal oxidative stress 
significandy increased attributed to up-regulation of ROS 
production and down-regulation of the anti-oxidants expressions 
[26,59—64]. LDR induced increase of antioxidants is not only to 
compensate the decrease of renal anti-oxidants expression induced 
by diabetes [26,65], but also to neutralize the ROS production in 
diabetic kidney [66-69]. Therefore, the expressions of multiple 
anti-oxidants in the kidney were significandy higher than in Con 
or DM groups. 

Conclusion 

In summary, we showed for the first time that exposure of mice 
to LDR significandy prevented type 2 diabetes-induced renal 
damage through attenuation of renal hypertrophy, dysfunction 
and pathological changes. The mechanistic study demonstrated 
that the protection was independent of blood glucose level 
reduction but was attributed to the suppression of dyslipidemia 
and the subsequent lipotoxicity-induced insulin resistance, inflam- 
mation and oxidative stress. The beneficial effects of LDR on renal 
damage were associated with activation of the Akt signaling 
pathway and up-regulation of Nrf-2 expression and function. In 
the present study, we also found that both the single and 
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accumulated doses play a critical role in LDR-induced renal 
protection; either too low or too high of a dose will reduce the 
efficiency. Although potential long-term mild toxic effects should 
be considered for diabetic patients who may develop severe DN 
earlier than the occurrence of the late adverse effects of LDR. 
Furthermore, given that whole body exposure to LDR is so easy 
and convenient to perform, this method may provide a novel 
therapeutic approach for diabetic patients in the near future. 
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